We investigated the co-catabolism of carbohydrate mixtures in Bacillus megaterium QM B1551 using a 13 C-assisted metabolomics profiling approach. Specifically, we monitored the ability of B. megaterium to achieve the simultaneous catabolism of glucose and a common disaccharide -cellobiose, maltose, or sucrose. Growth experiments indicated that each disaccharide alone can serve as a sole carbon source for B. megaterium, in accordance with the genetic analysis of this bacterium, which predicted diverse metabolic capabilities. However, following growth on 13 C-labelled glucose and each unlabelled disaccharide, the labelling patterns of the intracellular metabolites in glycolysis and the pentose phosphate pathway revealed a hierarchy in disaccharide catabolism: (i) complete inhibition of cellobiose catabolism, (ii) minimal catabolism of maltose and (iii) unbiased catabolism of sucrose. The labelling of amino acids confirmed this selective assimilation of each substrate in biomass precursors. This study highlights the fact that B. megaterium exhibits a mixedcarbohydrate utilization that is different from that of B. subtilis, the most studied model Bacillus species.
Bacillus, an important genus of Gram-positive bacteria that is found in diverse environmental matrices, can utilize a wide range of carbon sources [1] . Notable amongst these carbon sources are carbohydrates, including disaccharides or sugar dimers (cellobiose, maltose and sucrose) and their respective monomers (glucose and fructose) [1, 2] (Fig. 1a) . Much of what is known about carbon metabolism in Bacillus species is derived from studies conducted with Bacillus subtilis [3] . The metabolism of B. megaterium is of particular interest due to the popularity of this Bacillus species in agricultural biotechnology for the production of plant growth-promoting bioinoculants [4, 5] and in industrialscale enzyme production [6] [7] [8] . In this short communication, we seek to shed light on the catabolism of each disaccharide with respect to glucose, a common monosaccharide in soils [9] , in B. megaterium QM B1551.
Sugar uptake in Bacillus species occurs via the phosphoenolpyruvate:sugar phosphotransferase system (PTS) and ATP-binding cassette (ABC) transporters [1, 10] . The involvement of ABC transporters has not been reported for the sugars used in this study, despite the presence of relevant genes in B. subtilis and B. megaterium [10, 11] . Transcriptional analysis has revealed that B. subtilis grown on either glucose, fructose, cellobiose, maltose, or sucrose as the sole carbon source expresses the relevant PTS transporters [1, [11] [12] [13] [14] . Transcriptional elucidation of disaccharide PTS enzymes has not yet been conducted for B. megaterium. However, as illustrated in Fig. 1(c) , similar PTS uptake proteins were proposed from the genome of B. megaterium [15] [16] [17] .
We conducted growth experiments for B. megaterium QM B1551 with each disaccharide or the monomer substrate alone (Fig. 1b) . Details on the culturing conditions, including the complete composition of the growth media, are provided in the Supplementary Information (available in the online Supplementary Material) [18, 19] . We confirmed the ability of B. megaterium to catabolize each substrate successfully, although the growth rates differed (Fig. 1b) . During growth on 55 mM C provided as glucose alone, the specific growth rate was 0.68±0.08 h À1 (Fig. 1b) , in agreement with previously reported growth rates ranging from 0.67 to 1.0 h À1 for several strains of glucose-grown B. subtilis [8, 14] . When the cells were grown on carbon-equivalent maltose or sucrose alone, we obtained similar growth rates (respectively, 0.59 ±0.03 h À1 and 0.71 ±. 07 h À1 ) to those determined with the glucose-grown cells (Fig. 1b) . By contrast, cells grown on equimolar carbon of cellobiose exhibited a near 50 % decrease in growth rate (Fig. 1b) , indicating that cellobiose was a less favourable carbon source than sucrose, maltose and glucose. Interestingly, the growth rates for cells fed on equimolar carbon (27.5 mM C each) of glucose : cellobiose, glucose : maltose and glucose : sucrose mixtures (respectively, 0.67±0.08 h À1 , 0.68±0.07 h À1 and 0.68±0.05 h
À1
) were similar to the growth rate for the cells grown on glucose alone (Fig. 1b) . It can be inferred from these data that the cells utilized carbons from both substrates to support the same biomass growth rate as was obtained with glucose alone. However, the fact that no change in growth rate was seen with a twofold or fourfold reduction in glucose concentration (respectively, 27.5 and 12.75 mM C) (Fig. 1b) implied that the lower glucose concentration in the mixtures would not exert a carbon starvation condition in the absence of disaccharide uptake from the mixture. Therefore, no conclusion could be formed regarding the extent of the disaccharide assimilation based solely on the growth phenotype of the cells grown on the mixture.
We applied high-resolution liquid chromatography-mass spectrometry to track the simultaneous incorporation of unlabelled disaccharide and stable isotope-labelled glucose as [U- 13 C 6 ]-glucose into metabolites in the glycolytic pathway [glucose-6-phosphate (G6P), fructose-6-phosphate (F6P), fructose-1,6-bisphosphate (FBP) and dihydroxyacetone-3-phosphate (DHAP)] and in the pentose phosphate [15] [16] [17] . Metabolite names: G6P, glucose-6-phosphate; F1P, fructose-1-phosphate; F6P, fructose-6-phosphate; FBP, fructose 1,6-bisphosphate; C6P, cellobiose-6-phosphate; M6P, maltose-6-phosphate; S6P, sucrose-6-phosphate; GAP, glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; Xu5P, xyulose-5-phosphate; R5P, ribose-5-phosphate.
(PP) pathway [ribose-5-phosphate (R5P) and xylulose-5-phosphate (Xu5P)] (Fig. 1c) . To examine the connection between substrate assimilation into these metabolites and biomass precursors, we also monitored the labelling of amino acids. Details on the method employed are provided in the Supplementary Information.
Using a similar labelled metabolomics approach to that previously conducted with the anaerobic soil bacterium Clostridium acetobutylicum [20] , we determined the cocatabolism of fully 13 C-labelled glucose with each unlabelled disaccharide (cellobiose, maltose, or sucrose) in B. megaterium based on proof-of-concept labelling experiments with [U- 13 C 6 ]-glucose alone or with equimolar unlabelled glucose (Fig. 2 ). All these 13 C-labelling data, which were obtained at two separate times during the midexponential phase (Fig. 2) , confirmed that steady state was achieved in the extent of intracellular labelling [21] . In accordance with the labelling scheme of the substrates, Fig. 2 . Mixed sugar catabolism of stable isotopically labelled ( 13 C) glucose with unlabelled glucose (Gluc), cellobiose (Cello), maltose (Malt), or sucrose (Sucr). The carbon mapping on the left illustrates the different labelling forms of the metabolites based on isotopic enrichment from equimolar feeding of fully labelled glucose and unlabelled glucose. In the carbon mapping, the filled circles and open circles represent, respectively, 13 C-labelled carbons and unlabelled carbons; blue, orange, and green circles are assigned to the labelled schemes in glycolytic, gluconeogenic and pentose phosphate pathways, respectively. Metabolite names: G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; FBP, fructose 1,6-bisphosphate; GAP, glyceradelhyde-3-phosphate; DHAP, dihydroxyacetone phosphate; Xu5P, xyulose-5-phosphate; R5P, ribose-5-phosphate. Colour codes for the labelling isotopologues in the measured data: nonlabelled carbon (light blue), one 13 C-carbon (orange), two 13 C-carbons (grey), three 13 C-carbons (yellow), five 13 C-carbons (green) and six 13 C-carbons (dark blue). The data (two independent biological replicates) were obtained at two different time points during the mid-exponential phase when the optical densities (measured at 600 nm) were~0.9-1.1 (OD1) and~2.0-2.3 (OD2). The measured data (average±standard deviation) were from two independent biological replicates (with two technical replicates for each). Very small error bars are non-noticeable error bars in the plots.
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On: Fri, 14 Dec 2018 03:11:35 both G6P and F6P were fully 13 C-labelled when the cells were fed the labelled glucose alone, but during growth on equimolar labelled and unlabelled glucose about 40-50 % of these hexose phosphate metabolites (i.e. G6P and F6P) were fully labelled in accordance with equal assimilation of labelled and unlabelled glucose (Fig. 2) [20] . Compared with fully 13 C-labelled FBP and fully 13 C-labelled DHAP in cells grown on 13 C-labelled glucose alone, the corresponding labelling in cells grown on the mixture of labelled glucose with unlabelled glucose was, on average, nearly equal nonlabelled (45 %) and triply 13 C-labelled (46 %) fractions for DHAP, and about 35 % nonlabelled, 17-19 % triply 13 C-labelled and 35 % fully 13 C-labelled fractions for FBP (Fig. 2) . The labelling of the pentose phosphate metabolites, Xu5P and R5P, also reflected the expected incorporation of labelled and unlabelled glucose (Fig. 2) : they were nearly 100 % fully 13 C-labelled during growth on labelled glucose alone, but were, on average, 32-37 % nonlabelled and 34-38 % fully 13 C-labelled following feeding on both labelled and unlabelled glucose carbons (Fig. 3) . Small fractions of doubly and triply 13 C-labelled PP pathway metabolites resulted from mixtures of nonlabelled and fully 13 C-labelled glycolytic metabolites [20] . We should note that during feeding on the combination of labelled and unlabelled glucose, glycolytic flux from G6P to FBP would produce primarily nonlabelled and fully 13 C-labelled FBP, whereas the combination of labelled and nonlabelled triose phosphates (DHAP and its isomer glyceraldehyde-3-phosphate) would generate an additional triply 13 C-labelled FBP fraction (Fig. 3) . Thus, in addition to forward glycolytic flux, the aforemntioned triply 13 C-labeleld fraction in the FBP labelling implied the involvement of gluconeogenic flux in the glycolytic pathway of B. megaterium (Fig. 2) [20] . Fig. 3 . Incorporation of assimilated substrates into five amino acids: tyrosine (Tyr), 3-phosphoserine (3P-Ser), valine (Val), aspartate (Asp) and glutamate (Glu). On the left is a schematic overview of the central carbon metabolism that indicates the metabolite precursors to the different amino acids (shown in bordered text boxes). Metabolite names: G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; FBP, fructose 1,6-bisphosphate; GAP, glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; 3 PG, 3-phosphoglycerate; PEP, phosphoenolpyruvate; A-CoA, acetyl-CoA; a-KG, a-ketoglutarate. Colour codes for the labelling isotopologues: nonlabelled carbon (light blue), one 13 C-carbon (green), two 13 C-carbons (orange), three 13 C-carbons (dark blue), four 13 C-carbons (pink), five 13 C-carbons (red), six 13 C-carbons (yellow), seven 13 C-carbons (eight) and nine 13 C-carbons (purple). The measured data (average±standard deviation) were taken at the mid-exponential phase [when the optical densities (at 600 nm) were~0.9-1.1] from two independent biological replicates (with two technical replicates for each). Non-noticeable error bars occurred in cases where the standard deviation values were small. The abbreviations for the substrate schemes were the same as in Fig. 2 .
With respect to elucidating the co-catabolism of glucose with a disaccharide, the labelling patterns that resembled those produced in cells grown on fully 13 C-labelled glucose alone would indicate that B. megaterium repressed the catabolism of the disaccharide in the presence of glucose [20] . On the other hand, labelling patterns that resembled those in cells grown on the labelled glucose with unlabelled glucose mixture would indicate that B. megaterium can metabolize the disaccharides similarly to glucose [20] . In the cells grown on the [U- 13 C 6 ]-glucose with nonlabelled cellobiose, the glycolytic metabolites (G6P, F6P, FBP and DHAP) and the PP pathway metabolites (Xu5P and R5P) were exclusively fully 13 C-labelled (Fig. 2) . These data thus reflected complete inhibition of cellobiose catabolism in B. megaterium in the presence of glucose, consistent with the repression of cellobiose-associated PTS gene expression in the presence of glucose reported in B. subtilis [14] .
Metabolites in cells grown on the glucose:maltose mixture were primarily fully 13 C-labelled, but minor nonlabelled metabolite fractions (<15 %) were also present (Fig. 2) . Specifically, the hexose phosphates G6P and F6P were 6-9 % nonlabelled and 91-94 % fully 13 C-labelled, whereas these metabolites were 100 % fully 13 C-labelled during growth on glucose alone or on the glucose:cellobiose mixture (Fig. 2) . The FBP labelling, on average, was nearly 90 % fully 13 C-labelled, 7 % triply 13 C-labelled and 3 % nonlabelled (Fig. 2) . The PP metabolites also showed small fractions (<15 %) of nonlabelled carbons (Fig. 2) . Therefore, the nonlabelled and partially-labelled fractions of the glycolytic metabolites were consistent with the uptake and incorporation of small amounts of maltose-derived unlabelled carbons into intracellular metabolism (Fig. 2) . The inhibition of both maltose uptake and the a-glucosidase activity required for the initial catabolism of maltose has been observed in B. subtilis grown on a mixture of glucose and maltose [11, 22, 23] . Our results here indicated that this repression was incomplete in B. megaterium.
In contrast with cellobiose and maltose, we found that sucrose catabolism was not compromised by the presence of glucose. The metabolite labelling patterns during growth on equimolar-labelled glucose with unlabelled sucrose resembled those obtained with cells fed on the mixture of equimolar labelled glucose and unlabelled glucose (Fig. 2) . In cells grown on the mixture glucose : sucrose, G6P was 35-37 % nonlabelled and 55-59 % fully 13 C-labelled on average, while F6P was 40-44 % nonlabelled and 40-46 % fully 13 C-labelled on average; the remaining fractions were triply 13 C-labelled (Fig. 2) . The FBP in cells grown on glucose:sucrose contained about 23-26 % nonlabelled, 24-30 % triply 13 C-labelled and 26 % fully 13 C-labelled fractions (Fig. 2) . The labelling patterns for DHAP were about 48 % nonlabelled and 46 % fully 13 C-labelled, with minor fractions of singly and doubly 13 C-labelled carbons (Fig. 2) . Further, in the PP pathway, the Xu5P and R5P from cells grown on glucose : sucrose were 25-29 % nonlabelled, 12-18 % doubly 13 C-labelled, 7-11 % triply 13 C-labelled and 40-47 % fully 13 C-labelled (Fig. 2) . The close similarity between the labelling patterns obtained during growth on the glucose:sucrose mixture and those obtained during growth on labelled glucose with unlabelled glucose revealed that B. megaterium catabolized nearly all the sucrosederived carbons in the presence of glucose (Fig. 2) .
Channelling nutrients towards biosynthetic building blocks for biomass growth is a fundamental role of cellular metabolism. We obtained the labelling patterns of the following amino acids, which are produced from different metabolic pathways: tyrosine, 3-phosphoserine, valine, aspartate and glutamate (Fig. 3) . In accordance with the lack of assimilation of the unlabelled cellobiose in the presence of labelled glucose, the labelling patterns of all amino acids in the cells grown on the glucose : cellobiose mixture were fully 13 C-labelled (Fig. 3) . Cells grown on the glucose : maltose mixture produced amino acids that were primarily fully 13 C-labelled but had a higher percentage of nonlabelled and partially 13 C-labelled fractions than the amino acids from cells grown on 13 C-labelled glucose (Fig. 3) . Therefore, the small fraction of maltose-derived carbons assimilated in the glycolytic metabolites contributed to protein precursors in B. megaterium (Figs 2 and 3) . Cells grown on the glucose : sucrose mixture had aminio acid labelling that matched the patterns obtained with the mixture of fully 13 C-labelled and unlabelled glucose, further confirming that B. megaterium remarkably assimilates the disaccharide sucrose in a similar manner to glucose (Fig. 3) .
Regarding the implications of our results for accounting for mixed-carbohydrate assimilation in Bacillus species, we highlight three important considerations. First, the unbiased catabolism of sucrose in the presence of glucose found here with B. megaterium conflicts with previous findings of glucose-mediated repression of sucrose PTS enzyme expression in B. subtilis [24, 25] . Therefore, although much of the work on carbohydrate catabolism has focused on the model organism B. subtilis, the present findings highlight that different species within the Bacillus genus can exhibit different metabolic phenotypes with respect to selective carbon assimilation from carbohydrate mixtures. Second, in contrast to the other disaccharides, sucrose can be hydrolyzed extracellularly by levansucrases, which were found to be secreted by B. subtilis [26] [27] [28] as well as B. megaterium DSM319 [29] . Therefore, the known glucose-induced impairment of the sucrose PTS system could be bypassed by the extracellular cleavage of sucrose into its monomers. Interestingly, it was reported that the regulatory control of the PTS operon for sucrose in B. subtilis is different from the one for the gene cluster that encodes levansucrase [12, 24] . It remains to be determined whether the activity of a levansucrase or an unidentified hydrolytic enzyme is responsible for the observed co-catabolism of sucrose and glucose in B. megaterium. Third, beyond ABC and PTS transporters, it would be worthwhile to obtain both geneticand protein-level analyses to evaluate the extent to which the presence of glucose regulates extracellular catabolic enzymes in Bacillus species.
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